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Abstract 
As a new type of ignition technique, laser induced spark ignition can be widely used in the ignition 
system of internal combustion engines and aero-engines. In this paper, laser induced oxygen spark 
evolution has been numerically studied with a two-dimensional, unsteady, multi-components and time-
accurate model under different ambient temperatures and pressures. The chemical kinetics between 
species has been considered. A commercial software Fluent is used to solve the problem. Results show 
that both ambient conditions have great effect on the maximum temperature and maximum pressure of 
oxygen spark initially, but the effect decreases with time going on. The maximum velocity and maximum 
electron number density are also prominently influenced by ambient conditions. For the relationship 
between shock wave radius and time, ambient temperature plays an important role while ambient pressure 
is insignificant. These results above will be the foundation for the applications of laser induced spark 
ignition in the future. 
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1. Introduction 
 
Since laser induced breakdown phenomenon was first discovered by Marker in 1967, it has attracted 
broad attention by its potential applications such as laser induced breakdown spectroscopy detection, laser 
propulsion and laser ignition[1]. Compared with the conventional spark plug ignition, the technique of 
laser induced spark ignition can be widely applied in internal combustion engines and aero-engines 
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because of its advantages of non-inclusive nature, accurate control over timing and locations of ignition 
and multipoint ignition. 
Many researchers have studied the laser induced ignition experimentally. In the experimental aspect, 
laser induced argon breakdown under different pressures was investigated by Bindhu et al[2] using an 
ICCD camera. The images of argon spark at different times were obtained and the influences of gas 
pressure and laser energy on the breakdown threshold as well as laser energy absorptivity of plasmas after 
breakdown were analyzed. Air breakdown under atmospheric conditions was investigated by Kawahar et 
al [3] using an optical fiber coupling ICCD spectrometer with Cassegrain optical components. The shape, 
size and position of air spark were obtained and the properties of plasma were analyzed in the process of 
evolution. Argon under atmospheric pressure was breakdown and observed through Thomson scattering 
technique by Mendys et al [4]. The images of argon spark were obtained, the electron number density and 
temperature were measured and the principles in the process of spark evolution were analyzed. On the 
basis of [4], Pokrzwka et al [5] obtained temporal images of argon spark emissions using Rayleigh and 
Thomson scattering technique and analyzed the process of shock waves propagation. 
Numerical simulations had been widely used to illustrate the progress of laser induced ignition in more 
than a decade. Morsy et al [6,7] numerically studied the development of initial flame core and the 
combustion process of methane-air mixtures later in the conical cavity. The distribution of velocity, 
pressure and temperature were obtained and the effects of conical cavity and stoichiometric ratio on 
combustion were also investigated. Later, he studied the initial development of the flame core in laser 
induced methane-air mixture ignition considering the asymmetric energy absorption along the incident 
direction of laser, and obtained the temporal distribution of the pressure, temperature and velocity. Dors 
et al [8] proposed a two-dimensional, axially symmetric, time-accurate computational fluid dynamics 
model in which local thermodynamic equilibrium was hypothesized and thermal radiation was ignored to 
numerically simulate laser induced air spark decay, the characteristics of this process were obtained and 
compared with previous experimental records. Yan et al [9] numerically simulated the process of the laser 
energy absorption in quiescent air using a one-dimensional, compressible model with Navier-Stokes 
equations in which the initial temperature was regards as one-dimensional Gaussian distribution, the 
results matched well with experimental data. In order to simulate the generation of laser induced air spark, 
Phouc[10] established a one-dimensional fluid dynamics model in which the volume force and 
electromagnetic effects were neglected, but radiation was considered, what’s more, thermodynamic and 
transport properties were fitted into functions of temperature. The spatial and temporal distribution of 
temperature, pressure, velocity and shock wave radius changing in time were obtained, the energy losses 
during expansion were analyzed. For investigating the detonation wave formation and propagation 
subsequent to termination of laser pulse, a two-dimensional axisymmetric model with Navier-Stokes 
equations was established by Lu Jianying et al [11] in which the shape of focal point was set as oval. The 
features of laser supported detonation wave were computed and identical to experimental results. Jaoder 
et al [12] proposed a two-dimensional compressible model with Navier-Stokes equations to simulate the 
laser induced air spark decay in which local thermodynamic equilibrium hypothesis was used, thermal 
radiation losses and chemical kinetics were also considered. The characteristics of temperature, pressure 
and density distribution together with relations between blast wave radius and time were obtained, on this 
basis, blast wave energy, thermal radiation energy and residual energy were also determined. 
For internal combustion engines and aero-engines in applications, the temperature and pressure of 
working medium have reached high value before ignited, so the physical properties are quite different 
from those in atmospheric conditions. Many researchers have done experiments to study laser induced gas 
breakdown or laser induced gas ignition in different ambient conditions, but there has been little 
numerical analysis. In the present paper, laser induced oxygen spark evolution under different ambient 
temperatures and pressures will be studied numerically in order to get a better understanding of effects of 
ambient conditions on laser induced spark ignition. 
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2. Physical phenomenon and mathematical method 
The formation and propagation of laser induced oxygen spark can be described by four progressive 
stages: (1) Oxygen molecules around focal spot absorb laser energy by multiphoton ionization and release 
initial free electrons. (2) Free electrons then absorb laser energy by inverse bremsstrahlung so that oxygen 
is breakdown through cascade ionization in the collision process. (3) Oxygen plasmas continue to absorb 
laser energy, grow and inflate along the direction reversing the laser beam. (4) Oxygen plasmas of high 
temperature and pressure expand freely, interact with gas around and influence the fluid fields when the 
laser pulse ends. 
This paper is emphasized on the fourth stage mentioned above. Assumptions are proposed in order to 
simplify the problem: (1) Oxygen spark evolution is a process of two-dimensional axisymmetric, 
unsteady laminar flow and the velocity of all species is neglected on the termination of laser pulse. (2) 
Local thermodynamics equilibrium hypothesis is satisfied in the evolution process. (3) The effect of non-
equilibrium thermodynamics, thermal radiation and electromagnetic effect are neglected, because these 
factors are insignificant compared with the dynamic process throughout the whole evolution process. (4) 
Only five species exist in the oxygen spark: O2, O, O2+, O+ and e. The concentration and physical 
properties depend on the temperature only, and the effect of pressure is neglected. (5) Ideal gas law is 
satisfied. 
Based on these assumptions, oxygen spark evolution can be modeled by the mass, momentum, energy 
and species conservation equations. The commercial CFD software FLUENT is used to solve these 
equations. The symmetry axis of the computational domain is regarded as axisymmetric boundary, while 
other boundaries are regarded as pressure outlet boundaries, the temperature and pressure on the 
boundaries are determined as ambient temperature and pressure. The initial conditions are adopted in 
which the maximum temperature is 20000K for different ambient conditions[14].   
3.  Results and discussions 
Four values of ambient temperature, 300K, 400K, 500K and 600K, are chosen to study the oxygen 
spark evolution and the ambient pressure is chosen as 101325Pa. The effect of ambient temperature on 
temporal evolution of maximum pressure is shown in Fig.1. It could be seen that the overall tendency of 
temporal evolution of maximum pressure is similar under different ambient temperatures. The initial 
maximum pressure decreases with the increasing of ambient temperature. This is because under the 
condition of constant pressure, the higher temperature is, the lower oxygen density will be. Considering 
the ideal gas assumption, the initial pressure of oxygen spark reduces. The difference of maximum 
pressure among the four cases at the beginning of evolution is great but decreases as time goes on. At 
about 1ȝs, this difference nearly disappears. At the end of pressure field evolution, the maximum pressure 
of the four examples still remains a little higher than ambient pressure but the difference among them is 
within 1.5%. Finally, the whole computing domain will return to original condition. 
The effect of ambient temperature on temporal evolution of maximum temperature is shown in Fig.2. 
Although the initial maximum temperature of the four cases is same, the rate of decay in the evolution 
process is different. The higher ambient temperature is, the higher the oxygen spark temperature will be at 
the same time. This is because the heat transfer between oxygen spark and the surroundings is weakened 
with the decreasing of temperature difference between them. On the other hand, the difference of 
maximum temperature among the four examples decreases with time going on. But this difference still 
exists at the end of computing, which means that the higher ambient temperature is, the higher maximum 
temperature of oxygen spark will be. Finally, the whole computing domain will return to original 
condition, respectively. 
The effect of ambient temperature on vorticity magnitude distribution at the end of computing is shown 
in Fig.3. It can be seen from these figures that the shapes of vorticity magnitude distribution are similar to 
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each other. Two annular vortexes exist and take x-coordinate axis as symmetry axis. The position of 
vortexes is consistent with the maximum temperature respectively, which indicates that hot gas is taken to 
the position as shown by entrainment effect of vortexes and the shape forms. 
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Fig.1 The effect of ambient temperature on      Fig.2 The effect of ambient temperature on 
temporal evolution of maximum pressure      temporal evolution of maximum temperature 
 
(a)T0=300K                                                               (b) T0=400K 
 
(c) T0=500K                                                    (d) T0=600K 
Fig.3 The effect of ambient temperature on contours of vorticity magnitude 
at the end of calculating 
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Four examples are numerically computed under the condition that ambient temperature is 300K and 
ambient pressures are 50.66kPa, 101.33kPa, 202.7kPa and 304kPa, respectively. The effect of ambient 
pressure on temporal evolution of maximum pressure is shown in Fig.4. It can be seen from this figure 
that the overall tendency of temporal evolution of maximum pressure under different ambient pressures is 
identical. The initial maximum pressure increases accompanied by ambient pressure. This is also caused 
by oxygen density under different pressures. The difference of maximum pressure among the four 
examples is great initially but decreases with time going on. At about 10ȝs, the maximum pressure is just 
slightly higher than ambient pressure. Finally, the whole computing domain will return to original 
condition, respectively. 
The effect of ambient pressure on temporal evolution of maximum temperature is shown in Fig.5. 
Although the initial maximum temperature of the four examples is same, the maximum temperature is 
higher with the decreasing of ambient pressure. This is because oxygen density is reduced when the 
ambient pressure decreases in the isothermal condition, so the collision frequency among the species is 
lowed and the descending rate of maximum temperature also slows down. The difference of maximum 
temperature among the four examples decreases gradually with time going on and it will be within 15% at 
the end of computing. 
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Fig.4 The effect of ambient pressure on       Fig.5 The effect of ambient pressure on 
temporal evolution of maximum pressure     temporal evolution of maximum temperature 
4.  Conclusions 
In this paper, the effect of ambient temperature and pressure on laser-induced oxygen spark evolution 
is investigated numerically. As the results show, it is the difference of oxygen density that causes the 
difference of maximum temperature and pressure in the oxygen spark evolution process under different 
ambient temperature, but the difference decreases gradually with time going on. Finally, the temperature 
and pressure in the computing domain will return to the original condition. Ambient temperature has great 
effect on the temporal evolution of maximum velocity and maximum electron number density, together 
with the relationship between shock wave radius and time. The propagation velocity linear fitted is about 
1.4 times of the acoustic velocity under the corresponding ambient temperature. In the aspect of 
maximum electron number density, the difference is mainly caused by oxygen density. On the other hand, 
ambient temperature has little effect on the shape and magnitude of the vorticity at the end of computing. 
The effect of ambient pressure on the temporal evolution of maximum pressure, maximum temperature 
and maximum electron number density in the oxygen spark evolution process is similar to that of ambient 
temperature, but ambient pressure has little effect on shock wave propagation. The peak value of 
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maximum velocity increases with the decreasing of ambient pressure. The shape and magnitude of 
vorticity changes under different ambient pressure and this is caused by the difference of oxygen density. 
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